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Abstract 

A computational investigation was performed using a recently de- 
veloped integrated hygrothermomechanical theory to predict the ef- 
fects of three moisture profiles on the ply hygro stresses in angle- 
plied laminates. The moisture profiles were linear, parabolic and 
hyperbolic. Moisture content varied from 1 percent in the exposed 
ply to zero in the protected ply. The angleplied laminates were of 
two generic configurations, [(± 6 ) 2 ] [6/o/~e/Q]^, with 0 :S 0 

£ 90°. The results obtained are summarized graphically to illus- 
trate the effects of both moisture profile and laminate configuration. 

The results indicate that ply transverse tensile hygTo stresses * 

may reach sufficiently high magnitudes to cause transply cracldng. 

t 

mechanics. The details and verification 
of the theory with experimental data are 
described in ref. 1 . This integrated 
theory is used to predict the effects of 
different moisture profiles and laminate 
configurations on ply hygro stresses and 
continues the work reported in ref. 1 . 

The moisture profiles considered are 
linear, parabolic and hyperbolic varying 
fi'om 1 percent in the ply at the exposed 
surface (exposed ply) to zero in the ply 
at the protected surface (protected ply). 
Greater than 1 percent moisture content 
in the exposed ply is considered unlDcely 
for composites exposed to ambient con- 


1.0 INTRODUCTION 

Moisture in advanced fiber composites 
and its degradation effects on the me- 
chanical properties of these composites 
have received extensive attention in the 
composites community as is evident 
from the works cited in ref. 1. An in- 
tegrated theory to predict the hygro- 
thermomechanical response of advanced 
composite structural components is 
described in ref. 1. Briefly, this theory 
determines the hygrothermomechanical 
response by integrating composite ml- 
cromechanics, composite macromechan- 
ics, combined- stress failure criteria, 
laminate theory and advanced structural 
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ciitions. Tho composite limiiiialGs \vej.-e 
assumed to bo made from AQ/E (inter- 
mediate modulus graphite fiber in an 
epoxy matrix) with two generic irngle- 
plled laminal;e configuration [(ttO)ol 
and [0/o/-fl/Ojg witn 0 s Q :< 90*^. The 
hyg' 1‘0 stresses in tJie plies wore com- 
puted hi each luiglepliod lamhiate for 
each of Uie moisture profiles. Sehe- 
matics of the tlireo moisture profiles 
and plj*^ configurations are shown in fig- 
ure 1. Note that at 5 = 0 or 90° tlie 
r(iL-0) j laminate and at 5 = 0 the 

ii* S 

[5/0/-5/0]g laminate correspond to a 
imidiroctional composite (0EC). At 
6 = - 16 ° the t (^■^) 2 ] s ® ~ 

[5/0/- 5/0] g laminates correspond to a 
crossply composite (GPC)v 

2 . 0 RESULTS AN,D DISCUSSION 

The predicted ply hygro transverse and 
hitralamhiar shear stresses for the 
three moisture profiles (Ihiear, pax'a- 
bolic, and iiyporbolic) {uid for the two 
different generic lamhiate configurations 
f(d:5)2l luid [5/0/-5/0]g are presented 
and discussed below. LongitucUnnl 
stresses are not presented shico they 
are only about 10 percent of the cor- 
responding ply streugtlv, 

2.1 LINEAR MOISTURE PROFILES 

Tho ply transverse hygro stress in 

ttomposite laminates is plotted 
vorsus ply angle 5 hi figure 2 . The 
moisture content hi each ply is shown 
on die correspo'idhig curve. The points 
to be noted hi tois figure are; (1) the 
transverse stress in the exixised ply 
(plj'- 1) is eoiupression, is about 20 ksi 
and is hisensitlve to die ply angle; (2) 
the transverse stress hi the protected 
ply (ply S) is tensile and reaches a max- 
imum magnitude of about 20 ksi at 5=0 
and 0 90° (UDC) and a minimum 

magnitude (about 4 ksi) at 5 = 45° 

(CPC); (8) iiie distance botween die 


curves for tlic different plies is about 
die same indioathig dial the ply trans- 
verse stress varies linearly' dirough the 
tldcluioss corresponding to Qie moisture 
profile; and (1) the curves nro symmet- 
ric about 6 = 45° as expected. 

Gorrespondhig plots of die ply hitrnlam- 
huir shear stress are shown hi figure 3. 
The points to be noted In this figure are: 
(1) tho curves are antisymmetric about 

0 = 45°; (2) die ply hitralamhiar shear 
stress is maximum (5 ksi) hi the pro- 
tected ply (pl.y 8) at about 5 = 80°; (3) 
the shear stress is negligible in the ex- 
posed ply (ply 1) ; and (4) tho shear 
stress is zero at 5=0, 45° and 90° as 
expected, 

The ply transverse hygro stress hi. 

[5/0/- 5/0] composite laminates is 

o. 

plotted versus ply angle 5 hi figure 4. 
The pohits to be noted hi diis figure are; 
(1) the trimsverso stress hi the exposed 
ply (ply 1) is compression, roaches 
about 22 ksi at 5 = 46°, and varies mild- 
ly widi ply angle; (2) the transverse 
stress In tho piutccted ply (ply 8) Is ten- 
sile varying from about 20 ksi at 5 = 0 
to about 4 ksi at 5 = 90°. The corre- 
sponding hitralamhiar shear stresses 
are plotted in figure 5. As con bo seen 
these stresses ai'o rolatlv»-ely low (less 
ih nn 4 ksi) . 

It is instiaictive to compare the mtiximum 
ply hygro stresses with correspondhig 
ply strengths . Tho ply transverse and 
hitralamhi.ar shear strengihs at about 

1 percent moisture and luoiii tempera- 
ture are approximately die same as 
tliose reported at luom tempernturo and 
SO percent relative humidity (ambieut 
conditions). The values of interest for 
those comparisons are fi-om ref. l: 

30 ksi transverse comprossion, 9 ksi for 
transverse teaision, and 9 ksi for hitra- 
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laminar slu'ar l\>mpariHi to 

tlu'so vaUu'8, tho ply transvorso hvnn» 
oompiv8«iv«* stross is aU>iit 21 ksi or 
7f» piMVont of tin* oorrospoiulinn stivn>;:th, 
tho hv' transvorso tonsilo stivss is 
alH>nl 20 ksi tO 0> or two timos >;Toafor 
than tho oom>s|x»mlinn stron>;:th, iiuli- 
oatin^ that transply oraokin^; would ivour 
in tlto pn>tootod ply. I’ho tnmsvorso 
ti'itsilo stross at 0 if/' (I'lX'l is al>oul 
•I ksi or alH'ut 15 poroont of tho ply 
stronulh. I'ho hyniv intralaitiinar shoar 
stross is alnnit 5 ksi or alunit 55 jH'ivont 
of tho oorrosjunulinj; stronulh. 

rho oonolusti'n fi\>in th«> aln'vo disoussimi 
is tltat linoar nmistnro profilos, varyittn 
fnnn I potvont at ttn> o\i>osi'd ply to /or»> 
poivont at tho pn'tootiHl ply, in 
or|0 0 -0 0)^ o»>int>osito laminatos 
roaoh suffioiontly Iti^h ina^nitudos to 
oauso transply oraokinn in tho pndootod 

ply. 

2.2 PAUAIU>LU' Mi'lSrUKK IMU'l'll.KS 

Tho ply transvt'rso hyuro stross in 
|(*<h|., oom|H>sito laminatos is plottt'd 
\orsns ply anulo (th in fi^tytro 0 . Hio 
inoistnn' iH»n*j>nt in oaoh ply is sliown 
on tho oorrosiHnultn^* ourvo. As oai\ Ih' 
sot'n in fi>;:uro 0, tho transvorso stross 
in tho oxposod ply tply U is ixvmprc'ssion 
alvout 25 ksi at 0 0 ami 00‘\ I'ho 

transw'rso stross tk'oroasos in ina>;ni- 
tiuio pro^trossivoly with ply nun\lH'r. 
ohan>t>'s to tonsion at alx>ut ply 5 ami 
roaohos a ina\tnuim tonsilo valuo of 
17 ksi in tho pnvti'otoii plv tply Si ,it 
(> 0 ami i>o". l’h»' trans\«>rso stross is 

rolativoly Insonsitivo with (* up to ply 5. 
rho ^roatost s«>nsiti\it> of tho trans\ors«' 
stross with f' is in ply \ aryln>; from 
17 ksi at t) 0, to aU'ut 5 ksi at d 1.5" 
ami thon haok to 17 ksi at i* !>o". loo 
ounos in finnro 5 aro symnu'trlo with 
rosiH'ot to t> -la". 


rho oorros|H»mlinn plots for Utc' ply 

intralaminar shoar stross in U»<h.d 

- s 

oom|H>slto laminatos aro sluwvn in fijf- 
uro 7. llio iHvints to bo notod in this 
fij^nro aro (1) tho intralantinar shoar 
stross is maxinuim taUmt I ksi) in tho 
pivtootod ply at alvout 0 ■ 5o" and d«^ 
oroasos pronrosstvoly in ma^nitndo 
appnvaohinn nonlijpbh' valuos at tho 
oxjHvsotl ply, and (2) tho intralaminar 
shoar stross is antisymmotrio witJt 
rospoot t»v 0 » 1.5" and has ?onv ma> 3 d- 
tmlo at 0 0. i. 5 " ami !>o". 

rhi' plv transvorst' hy>;n' stri'ss In 
I {> 0 -d, 0|^ oomixvsito laminatos is 
plivttod vorsus ply an>;lo tt') in fi^vtro S. 
rho points to Ix' notod In this flj;nro 
aro (1) tin' transvorso stross In tho 
oxtx'sod ply tply 1) is o»>tnprosslon and 
is alxuil 25 ksi auii is indo)X'mlont «'f (*; 
(2) tho transvorso stn'ss Is tonsion in 
tho piMtootvHl plv tply S) varyiivu fix'm 
alxuit lf» ksi at <> 0 to aU>ut 5 ksi at 

0 !>o", (5) tlu' traivsvorso stross in 

tho othor plios li«'s iH'twi'oiv thoso valuos 
ohannitt^j from oomprv'ssion tiv tonsiivn 
iH'tvvoon j'lios I ami ;>. and t-l) tho trans- 
vorso stri'ss witJt rospi'i't ti* (• Is »'s 
si'ntlallv inst'nsitivo whon tlto strv'ss is 
oomptvssii'n tplios 1 to 1) bnt Is sons! 
tlvo whon tiu' transvorso stn'SS is ton 
Sion tplios 5 ti> .*'). 

ri\«' oorn'siHMulint; pU'ts for th«' intra- 
lanvinar shoar stivss in 1 1 * 0 1 > 0|^ 

oom|x'sit«’ laminatos aro showti in fi>; 
ur«' ll. tH riu' shoar strc'ss is maxi- 
mum in iJto pivtootml ply, lias a mat;ni 
tmU' of alH'ut I kis at alx>nt t) 50", ami 
ami is .’oro at P 0 ami t>o". I'ho max- 
imum intralaminar shoar stri'ss is loss 
than 2. ;» ksi in plv i’> ami nonlit;1blo m 
plli's 5 and 1. 

both trails' orso and intralaminar shoar 
hyt;iv strossos vary approximatoly 


parabolically througji the ply thicluiess 
in both [ (± 0 ) 2 ] aiid [ 0/0/-0/0]g com- 

posite laminates. To establish tliis 
variation it is necessary to show tliat 
the second difference between tlie 
stresses in consecutive plies remains 
constant at anyone ply angle in fig- 
ures 6 and 8. This can easily be done 
but tlie details are not included herein. 
Plotting of the stress versus ply indi- 
cates that die parabolic variation of the 
stresses through tlie laminate thicloiess 
is not as severe as the corresponding 
moisture variation. 

As was the case witli die linear moisture 
profile, the ply transverse tensile hygro 
stresses are quite large (about 20 ksi) 
compared to corresponding ply strengtii 
(about 9 ksi) while the intralaminar 
shear stresses are relatively small 
(4 ksi compared to 9 ksi). Thus, trans- 
ply craclcing in the protected ply can 
also be caused by a parabolic moisture 
profile. 

2. 3 HYPERBOLIC MOISTURE PROFILE 

The ply transverse hygro stress in 
[(^ 5 ) 2 ) composite laminates is plotted 
versus ply angle (0) in figure 10. The 
moisture content in each ply is given on 
the corresponding curve in the figure. 
The points to be noted in figure 10 are; 

(1) the maximum compressive trans- 
verse stress is in the exposed ply (ply 1) 
and is about 24 ksi at 0 = 0 and 90°; 

(2) the maximum tensile transverse 
stress is m the protected ply (ply 8) and 
varies from 13 ksi at 0 = 0 to 4 ksi at 

0 = 45° back to 0 = 90°; (3) the stress 
valuation with 0 is negligible in plies 1 
through 4 and it is considerable in plies 
5 through 8; (4) the stress curves are 
symmetric witli respect to 0 == 45°; and 
(5) the stress in ply 8 is the same as for 
the pax’abolio distribution wMle in the 
other plies the stress curves have the 


same shape but smaller magnitudes. 

The ply transverse hygro stress in 
[ 0 / 0 /- 0/ 0] g composite laminates is 
plotted versus ply angle (0) in figure 12. 
The points to be noted from this figure 
are: (1) the maximum compressive 
transverse stress is in the exposed ply 
(ply 1) and is about 24 ksi and is rela- 
tively insensitive to 0; (2) the maximum 
tensile transverse stress is in die pro- 
tected ply (ply 8) varying from about 13 
ksi at 0 = 0 to 3 ksi at 0 = 90°; (3) 
the stresses in plies 1, 2, and 3 have 
negligible variation with 0 while the 
stress variation with 0 in the remam- 
ing plies is considerable; and (4) die 
curves in figure 12 are comparable to 
those for the parabolic moisture px’ofile 
(fig. 8). 

The corresponding plots for the intra- 
laminar shear stress in [0/0/-0/0]g 
composite laminates is shown in fig- 
ure 13. As can be seen in this figure, 
the shear stress is relatively small 
(less dian 2 ksi). 

The significant observations from the 
above discussion are; (1) die transverse 
tensile hygTO stress in [(± 0 ) 2 ] and 
[0/0/-0/0]„ composite laminates can 

o 

reach relatively high magnitudes, 13 to 
16 ksi, compared to 9 ksi for the cor- 
responding ply strengtii; (2) die intra- 
laminar shear stress is about 2 ksi 
Which is relatively small compared to 
9 ksi for the corresponding ply strengdi; 
and (3) the hyperbolic and parabolic 
moisture profiles result in about the 
same ply stresses. 

2. 4 COMPARISON OP MAXIMUM PLY 
STRESSES FOR THE THREE 
MOISTURE PROFILES 

Tlie maximum ply transverse compres- 
sion, maximum transverse tension 
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(0 = 0, '15° or 90°) and intralaminar 
shear hygro stresses, including corre- 
sponding ply strengtlis, are summarized 
in table I for comparison purposes. The 
points to be noted from table I are: (1) 
the maximum trmisverse compressive 
stress occurs in the exposed ply and is 
not very sensitive to either moisture 
profile or laminate configuration; (2) tiie 
maximum transverse tensile stress oc- 
curs in dm protected ply and is sensitive 
to both moisture pi-ofile mid to laminate 
configuration; (3) the maximum intra- 
laminar shear stress is insensitive to 
both moisture profile and laminate con- 
figuration; and (4) as was previously 
stated, the maximum transverse com- 
pression stress is about 70 to 80 percent 
of the corresponding ply strengtli; the 
maximum transverse tensile is about 
140 to 220 percent greater at 0 = 0 , in- 
dicating mat transply cracks would oc- 
cur but is only 33 to 44 percent for 9 = 
45° or 90°; and the maximum intralam- 
inar shear stress is about 20 to 55 per- 
cent of die corresponding ply strength. 

The conclusions from the previous dis- 
cussion are: (1) the maximum ply trans- 
verse compression hygro stress is not 
sensitive to either moisture profile or 
laminate configuration; (2) the maximum 
ply transverse tensile hygro stresses 
are sensitive to both moisture profile 
and laminate configuration, and can 
reach sufficiently high magnitudes to 
cause transply cracks; {3) the ply intra- 
laminar shear stresses are sensitive to 
both moisture profile and laminate con- 
figuration but their magnitudes are low 
compared to ply strength; and (4) the 
maximum transverse stresses occur in 
unidirectional laminates when subject 
to moisture profiles, whereas the maxi- 
mum intralaminar shear stresses occur 
in [(± 30 ) 2 ] laminates. 


2.5 nVI PLICATIONS FOR 
DESIGN PURPOSES 

The most important implication of this 
analysis is tiiat the designer should 
!>ialce every effort to avoid or minimize 
moisture gradients through the lam- 
inate thiclmess, especially when uni- 
directional composites are involved. 
Hygro stresses resulting from a 1 per- 
cent moisture gradient can significant- 
ly reduce die residual strength of a 
laminated composite and may cause 
cracking of die protected ply. 

If moisture gradients cannot be avoided, 
they should certainly be accounted for 
in an analysis. If the actual moisture 
gradient profile is unlmown, the as- 
sumption of a linear gradient wRl yield 
conservative predictions of the trans- 
verse tensile and intralaminar shear 
hygro stresses. Note that the hygro 
stresses are in addition to any residual 
stresses that may be present. 

3. 0 SUMMARY OF RESULTS 
AND CONCLUSIONS 

A computational investigation was per- 
formed using a recently developed in- 
tegrated hygro thermomechanical theory 
to predict the effects of three different 
moisture profiles (linear, parabolic and 
hyperbolic varying from 1 percent 
moisture in the exposed ply to zero in 
the protected ply) on hygro stresses in 
two generic [ (±$) 2 ] g and [0/0/-0/0]g 
{0 < 0 :< 90) intermediate modulus 
graphite fiber reinforced epoxy resin 
(AS/E) composite laminates. The sig- 
nificant results and conclusions of this 
investigation are summarized below. 

(1) The maximum ply transverse 
tensRe hygro stress is sensitive 
to both moisture profile and 
laminate configuration and it 
can reach magnitudes sufficient- 
ly high (22o percent of die cor- 
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rQsponcling ply strength) to cause 
transply ornchlng' ie Uve plies 
near and at the protoetod sur- 
face. 

(2) The maidmuin ply transverse 
comprossivo hygi-o stress oc- 
curs in the Ovposed ply. It is 
not soi\Silive to either moisture 
profile or laminate configuration 
m\d cmx reach a nxagnitudo of 
about 80 percent of the corre- 
sponciing ply strongtlx. 

(8) '.rive maximimx ply intralamiixar 
shear hygr'o stress is sensitive 
to botiv moisture pi'ofile and 
laminate coixfiguration. It can 
reach inagnltudos of about 
55 percent of the corresponding 
ply streiig'th in the plies close to 
die protected sai'faco. 

(i) The msudmum trmxsvorso stress 
occurs in a unidirectional lam- 
inate while the jnJixlnumv Intra- 
laminar shear stress occurs in 
the t(iS0)j,] laminate. 

(5) The assumption of a linear 
moisture profile would load to a 
conservative prodietton of the 
ply transverse teixslle hygro 
stresses, 
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TABLE 1. - SUMMARY OF MAXIMUM PLY STRESSES DUE TO THREE MOISTURE 
PROFILES IN TWO AS/E COMPOSITE LAMINATES AND 
COMPARISONS WITH PLY STRENGTHS 


Laminate configuration/ 
moisture profile 

Stress (ksi) in 

Exposed ply 

Protected ply 

Transverse 

Intralaminate 

shear 

Transverse 

Intralaminar 

shear 

1 ^ 2 ] 

Linear 

-22 (0)^ 

*^0 

20 (0) 

4 (45) 

5 (30) 

s 

Parabolic 

-2.3 (0) 


17 (0) . 

3 (45) 

4 (30) 


Hyperbolic 

-24 (0) 


13 (0) 

4 (45) 

3 (30) 

I0/O/-0/O]g 

Linear 

-22 (45) 

~0 

20 (0) 

4 (90) 

4 (30) 


Parabolic 

-23 (0) 

roQ 

16 (0) 

3 (90) 

3 (30) 


Hyperbolic 

-24 (0) 

^0 

13 (0) 

3 (90) 

2 (30) 

Ply strengths (ref. 1) 

-30 

9 

9 

9 

■ - 

9 


^Number in parentheses indicates the ply angle at which the value occurred. 
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Figure 1. - Moisture profiles through the 
laminates. 
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Figure Z - Ply transverse hygro stresses 
in li±0)2)j AS/E composite laminates 
with one surface exposed and the other 
protected. Linear moisture profile. 
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Figure 3. - Ply intralaminar shear hygro 
stresses in ( AS/E composite 
laminates with one surface exposed and 
the other protected. Linear moisture 
profile. 
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Figure 4. - Ply transverse hygro stresses 
in I 0 /O/- 0 /OI 5 AS/E composite lam- 
inates with one surface exposed and the 
other protected. Linear moisture profile 
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Figure 5. - Ply intralaminar shear hygro 
stresses in ( 0 /O/- 0 /OI 5 AS/E compos- 
ite laminates with one surface exposed 
and the other protected. Linear moistu re 
profile. 
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Figure 6 . - Ply transverse hygro stresses 
in lt± 0 ) 2 ls AS/E composite laminates 
with one surface exposed and the other 
protected. Parabolic moisture profile. 
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Figure 7. - Ply intralaminar shear hygro 
stresses in li± 0 > 2 ls composite 
laminates with one surface exposed and 
the other protected. Parabolic moisture 
profile. 
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Rgure 8 . - Ply transverse hygro stresses 
in I 0 /O/- 0 /OI 5 AS/E composite lamin- 
ates with one surface exposed and the 
other protected. Parabolic moisture 
profile. 
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Figure 9. - Ply intralaminar shear hygro 
stresses in [ 0/O/-0/OI 5 AS/E compos- 
ite laminates with one surface exposed 
and the other protected. Parabolic 
moisture profile. 
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Figure 10. - Ply transverse hygro stresses 
in (Lt 6 ) 2 l 5 AS/E composite laminates 
with one surface exposed and the other 
protected. Hyperbolic moisture profile. 
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Figure 11. - Ply intralaminar shear hygro 
stresses in l(+0l2ls AS/E composite 
laminates with one surface exposed and 
the other protected. Hyperoolic moisture 
profile. 
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Figure 13. - Ply intralaminar shear hygro 
stresses in I0/O/-0/OI5 AS/E composite 
laminates with one surface exposed and 
the other protected. Hyperbolic moisture 
profile. 




